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GM1-Containing Lipid Rafts Are Depleted
within Clathrin-Coated Pits
version of Cy5 to a fluorophore that fluoresces in the
Cy3 channel. Cy5 photoconversion was directly propor-
tional to the amount of Cy5 present (Figure S1 in the
B.J. Nichols
MRC Laboratory of Molecular Biology
Hills Road
Cambridge CB2 2QH Supplemental Data available with this article online),
allowing all apparent FRET signals to be corrected forUnited Kingdom
Cy5 photoconversion.
FRET between equimolar CTB-Cy3 and CTB-Cy5 was
measured after the addition of sufficient CTB for maxi-Summary
mal cell labeling (5g·ml1of each conjugate). FRET was
readily detected in live cells and, as previously reportedRecent studies show that markers for lipid rafts are
in fixed-cell experiments, varied with the surface densityamong the plasma membrane components most likely
of CTB (Figure 1E; [11]). However, when CTB surfaceto be internalized independently of clathrin-coated
density was reduced approximately 10-fold by addingpits, and there is evidence to suggest that lipid rafts
CTB-Cy3 and CTB-Cy5 at 100 ng·ml1 the FRET signalmay play a functional role in endocytic trafficking [1–5].
was significantly less density dependent (Figure 1F; theHowever, lipid rafts themselves are commonly defined
slope of the line in 1E is 0.062  SEM 0.006, the slopepurely in biochemical terms, by resistance to detergent
of the line in 1F is 0.021  SEM 0.002, and an unpairedextraction. The existence of rafts in live-cell mem-
t test showed P 0.0001). Like CTB, GPI-linked proteinsbranes remains controversial [6–8], and their distribution
are found in biochemically defined lipid rafts [1]. Myc-relative to endocytic machinery has not been investi-
tagged GPI-linked GFP [4] was expressed in COS-7 cellsgated. This study employs fluorescence resonance en-
and labeled with anti-Myc (9E10) Fab fragments conju-ergy transfer (FRET) to show that in the plasma mem-
gated to Cy3 or Cy5. For comparison of FRET from GPI-brane (PM) of living cells the glycosphingolipid GM1,
GFP-Fabs and CTB at equivalent overall surface densi-labeled with cholera toxin B subunit (CTB) [9, 10], is
ties, CTB was added at 750 ng·ml1. This again resultedfound at least in part within clusters that also include
in a significant, relatively density-independent FRET sig-GPI-linked proteins. These clusters are cholesterol-
nal (Figure 1G). GPI-GFP-Fab-to-CTB FRET was detecteddependent and exclude non-raft proteins such as trans-
with approximately the same efficiency. FRET betweenferrin receptor and so possess predicted properties
GPI-GFP-Fabs, though still above zero, was muchof lipid rafts. This type of lipid raft is largely excluded
weaker. This was still true when a 10-fold excess offrom clathrin-positive regions of the PM. They are
acceptor (CTB-Cy5) over donor was employed (Figurefound within Caveolin-positive regions at the same
1H), suggesting that GM1 may be clustered around indi-concentration as at the rest of the cell surface. The
vidual GPI-linked proteins, whereas GPI-linked proteinsdata provide evidence for a model in which lipid rafts
may be rather less closely associated with each otherare distributed uniformly across most of the PM of
[8]. Although other interpretations are possible, this isnonpolarized cells but are prevented from entering
consistent with the view that biochemically defined lipidclathrin-coated pits.
rafts may correspond to small shells of appropriate lipid
around individual protein molecules [8].
Results and Discussion FRET measurements concerning the distribution of
raft markers in the PM have been interpreted primarily
The literature on internalization of markers for biochemi- in terms of the dependence of FRET on surface density,
cally defined lipid rafts raises two questions: whether with a less density-dependent signal being seen as evi-
such markers are found in the same membrane microdo- dence for binding to clusters or rafts [11–15]. By this
mains in live cells and whether these microdomains are criterion, CTB-to-CTB FRET when reduced CTB con-
sorted by endocytic machinery [5]. Measurement of centrations were used (as in Figures 1F and 1G) and
FRET, nonradiative transfer of energy from an excited- CTB-to-GPI-GFP-Fab FRET reflect at least partial clus-state donor fluorophore to a nearby (10 nm) acceptor, tering. Biochemically defined lipid rafts are sensitive to
offers a way of addressing these questions [11–15]. The depletion of cholesterol from the PM [1]. Pre-incubation
B subunit of Cholera toxin (CTB), which binds as a pen- for 30 min in 10 mM -methyl cyclodextrin, which solubi-
tamer to glycosphingolipid GM1 in the PM, is one of the lizes membrane cholesterol, caused a marked decrease
most widely used markers for lipid rafts [4, 9, 10]. in CTB-to-CTB FRET (Figures 2A and 2B). Because there
The assay used to measure FRET between Cy5 and was no change in the total amount of CTB bound to
Cy3 in live COS-7 cells depends on determining the cholesterol-depleted cells, this provides direct evidence
increase in donor (Cy3) fluorescence when the acceptor that the FRET signal is largely generated by cholesterol-
(Cy5) is removed by photobleaching [11, 12, 16] (Figures dependent clustering of CTB on the PM.
1A–1D) and is described in detail in the Supplemental A second independent test of whether CTB-to-CTB
Data. Controls with cells labeled with CTB-Cy5 alone FRET reflects clustering was carried out. Expression of
showed that photobleaching of Cy5 results in photocon- a truncated form of AP180 (AP180-C) blocks recruitment
of clathrin to the PM [17] and generates a uniform distri-
bution of the transferrin receptor across the PM (FigureCorrespondence: ben@mrc-lmb.cam.ac.uk
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Figure 2. FRET between Markers for Lipid Rafts Is Generated by
Clustering in the Plasma Membrane of COS-7 Cells
(A) Incubation of cells with 10 mM -methyl cyclodextrin causes a
marked reduction in CTB-to-CTB FRET. Cells were labeled with 750
ng·ml1 CTB. Bars  S.E.
(B) After 30 min in 10 mM-methyl cyclodextrin, FRET between CTB-
Cy3 and CTB-Cy5 (750 ng·ml1 each) was negligible. Squares, 
-methyl cyclodextrin; circles, control. The lines are intended to
facilitate comparison and were generated by simple linear re-
gression.
(C) In a cell expressing AP180-C (outlined in white) [20], transferrin-
Cy3 binds uniformly across the PM; neighboring cells (nuclei of
which are marked “”) are untransfected.
(D) FRET between CTB-Cy3 and CTB-Cy5 (circles) was significantly
greater than between transferrin-Cy3 and CTB-Cy5 in AP180-C-
expressing cells (squares), despite equivalent overall surface densi-
ties of CTB-Cy3 and transferrin-Cy3. CTB-Cy3 was used at 750
ng·ml1, transferrin-Cy3 at 50 g·ml1.
2C). Under these conditions, transferrin-receptor–GFP
has a similar lateral mobility to other apparently ran-
domly distributed membrane proteins (Supplementary
Figure 2). After transferrin receptor in AP180-C-express-
ing cells was labeled with Cy3- or Cy5-conjugated trans-
Figure 1. FRET Can Be Detected between Different Markers for ferrin, FRET was assayed between CTB-Cy3 and CTB-
Lipid Rafts in Live COS-7 Cells Cy5 and between CTB-Cy5 and transferrin-Cy3, at
(A–D) Cells were labeled with both CTB-Cy5 (A and B) and CTB Cy3 equivalent surface densities. CTB-to-CTB FRET was
(C and D). CTB-Cy5 was photobleached by illumination with 633
readily detected as described previously, but trans-nm laser light, causing an increase in CTB-Cy3 fluorescence.
ferrin-to-CTB FRET was much weaker (Figure 2D), as(E) FRET between equimolar CTB-Cy3 and CTB-Cy5 (5g·ml1 each)
was transferrin-to-transferrin FRET (our unpublishedexpressed as a function of the amount of membrane-bound CTB-
Cy3. data). Thus, CTB-to-CTB FRET, at least at the surface
(F) As in (E), but CTB was used at 100 ng·ml1. Lines in (E) and (F) densities of CTB used in this study, results mainly from
were generated by simple linear regression analysis. The scale for a clustered distribution of CTB binding sites in the PM.
CTB-Cy3 fluorescence intensity uses approximately equivalent units
Given that the GPI-GFP-Fab-to-CTB FRET signal showsin both (E) and (F).
that these clusters can also contain GPI-anchored pro-(G) Comparison of FRET between equimolar CTB-Cy3 and CTB-
tein and given that they are sensitive to depletion ofCy5 (circles, solid line), between GPI-GFP-Fab-Cy3 and CTB-Cy5
(triangles, dotted line), and between equimolar GPI-GFP-Fab-Cy3 membrane cholesterol, the clusters possess expected
and GPI-GFP-Fab-Cy5 (x, dashed line). CTB-Cy3 and CTB-Cy5 were characteristics of lipid rafts [1, 7, 8].
each added to cells at 750 ng·ml1. (H) As in (G), but the Cy3/Cy5 The time required to photobleach Cy5 meant that, if
ratio was altered so that the FRET acceptor, CTB-Cy5, was in 10-
CTB-CTB FRET was to be used to study the spatialfold excess over the donor. The lines are intended solely to facilitate
distribution of lipid rafts, it was initially necessary tocomparison of the datasets and were generated by simple linear
revert to fixed samples. FRET between CTB-Cy3 andregression.
CTB-Cy5 was calculated pixel by pixel, allowing genera-
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Figure 3. Lipid Rafts Are Depleted within
Clathrin-Positive Regions of the Plasma
Membrane
(A) FRET between CTB-Cy3 and CTB-Cy5
(750 ng·ml1) calculated pixel by pixel after
photobleaching of CTB-Cy5. White corre-
sponds to maximal FRET, black to minimal
FRET. Arrows highlight FRET minima that
correspond to the clathrin-coated pits shown
in (B).
(B) Distribution of clathrin determined via
staining with monoclonal antibody and sec-
ondary antibody conjugated to alexa488.
(C) Distribution of FRET signal in clathrin-pos-
itive pixels (circles) and the rest of the PM
(squares). The frequency with which the two
pixel sets have a given FRET signal is shown
normalized so that the peak  1. A similar
decrease in pixel intensity was seen in all of
the seven images analyzed in this way.
(D) A ratio image of CTB-Cy3 and CTB-Cy5
in live cells was generated by dividing CTB-
Cy5 intensity by CTB-Cy3 intensity and set-
ting contrast so that white pixels correspond
to where the result is maximal and black to
where it is minimal.
(E) Comparison with the distribution of
clathrin-GFP shows that minima in CTB-Cy5/
CTB-Cy3 frequently correspond to clathrin-
coated pits.
(F) Distribution of the CTB-Cy5/CTB-Cy3 ratio
in clathrin-positive pixels (circles) and the rest
of the PM (squares).
(G) CTB-to-CTB FRET signal (within the area
delineated by white lines) determined by Cy5
photobleaching in a fixed cell.
(H) Distribution of Caveolin1 in the same cell,
by indirect immunofluorescence. This region
of the cell was specifically chosen because
of the high concentration of caveolae in one
area.
(I) Pixel distribution of CTB-to-CTB FRET sig-
nal in Caveolin-positive pixels (circles) com-
pared with the rest of the PM (squares). Simi-
lar distributions were observed in each of
seven images analyzed.
(J) Ratio image of CTB-Cy3 and CTB-Cy5 as in (D).
(K) Distribution of Caveolin1-GFP in the same living cell.
(L) Pixel distribution of CTB-Cy5/CTB-Cy3 ratio in Caveolin-positive pixels (circles) compared with the rest of the PM (squares). Similar
distributions were observed in each of seven images analyzed.
tion of images where pixel intensity is determined by CTB FRET. Additionally, Nedd5, a cytoskeletal protein
that binds to the PM ([19]; K. Schmidt, personal commu-FRET efficiency (Figure 3A). These images revealed
many local minima in the FRET signal. Comparison of niation), was labeled with Alexa488-conjugated second-
ary antibody, and the distribution of CTB-to-CTB FRETthe distribution of minima in CTB-to-CTB FRET with the
distribution of clathrin (detected by indirect immunofluo- signal was analyzed. FRET within Nedd5 (Alexa488)-
positive areas was no different from that in the rest ofrescence with an Alexa488-conjugated secondary anti-
body, Figure 3B) showed that many of them correspond the cell (Figure S4A). Thus, the reduction in CTB-to-CTB
FRET signal in clathrin-coated pits is due to local changesto small, punctate regions of clathrin staining character-
istic of clathrin-coated pits [18]. Quantification of FRET in the distribution of lipid rafts.
Fixation and permeabilization with detergent may wellintensity within clathrin-positive pixels revealed a clear
reduction in overall FRET intensity (Figure 3C; also Fig- alter the distribution of CTB in the PM. Ratio imaging
confirmed that the minima in CTB-to-CTB FRET de-ure S3 in the Supplemental Data; the mean FRET in
clathrin-positive regions was 43% of that measured in scribed above also occur in living cells at 37C. FRET
between CTB-Cy3 and CTB-Cy5 causes a change inthe rest of the cell, n  7 cells). Detecting clathrin with
Alexa488, GFP, and CFP, which have differing spectral relative fluorescence intensity because of quenching of
Cy3 fluorescence. Thus, more FRET will result in anproperties, provided one test of whether the presence
of the fluorophore used to detect clathrin interfered with increase in the CTB-Cy5/CTB-Cy3 ratio. Images derived
from this ratio measured in living cells showed charac-FRET. There was no effect on the distribution of CTB-
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teristic local minima, as observed in the Cy5 photo- terol-dependent clusters of GM1 and GPI-linked protein
detected by the live-cell FRET approaches described inbleaching experiments described above (Figure 3D).
Moreover, these minima also corresponded to clathrin- this paper possess the expected characteristics of lipid
rafts, and these approaches will be useful in further incoated pits (compare Figures 3D and 3E). The CTB-Cy5/
CTB-Cy3 ratio was 6.2% less in clathrin-positive pixels vivo studies elucidating the size, sorting, and functions
of lipid rafts.as opposed to the rest of the PM (n  7, SEM 1.3%;
Figure 3F); this value agrees well with the magnitude of
cholesterol-dependent FRET measured via Cy5 photo- Supplemental Data
Supplemental material providing a detailed description of methodsbleaching. Use of Nedd5-GFP as a control showed that
used for measuring FRET, as well as data from control experimentsthis change in CTB-Cy5/CTB-Cy3 is not due to the pres-
mentioned in the text, is located at http://images.cellpress.com/ence of GFP in close proximity to the PM (Figure S4B).
supmat/supmatin.htm.
Therefore, reduction in the apparent concentration of
lipid rafts within clathrin-coated pits can be observed
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in living cells at 37C.
Caveolae share some of the biochemical properties H. Pelham and K. Schmidt provided helpful criticism of the manu-
of lipid rafts [20], and budding of caveolae from the PM script. A. Kenworthy suggested how best to compensate FRET sig-
nals for Cy5 photoconversion. R. Puertollano and J. Bonifacino gen-may allow internalization of CTB and GPI-linked proteins
erously provided clathrin light chain B-GFP prior to publication.[21]. The distribution of CTB-to-CTB FRET relative to
Many thanks to all those who provided other reagents.Caveolin1 in the PM was measured via approaches iden-
tical to those described in the case of clathrin. Both
Received: December 11, 2002photobleaching of CTB-Cy5 in fixed cells labeled with
Revised: January 27, 2003an antibody against Caveolin1 (Figures 3G–3I) and ratio
Accepted: February 24, 2003
imaging of CTB-Cy3 and CTB-Cy5 in live cells express- Published: April 15, 2003
ing Caveolin1-GFP [21] (Figures 3J–3L) showed that
CTB-to-CTB FRET is not measurably different in Caveo- References
lin-positive pixels compared to the rest of the PM. Thus,
1. Simons, K., and Ikonen, E. (1997). Functional rafts in cell mem-if one assumes that most Caveolin staining in Figures
branes. Nature 387, 569–572.3H and 3K represents cell surface caveolae, the extent
2. Sabharanjak, S., Sharma, P., Parton, R.G., and Mayor, S. (2002).to which CTB is clustered within lipid rafts is unchanged
GPI-anchored proteins are delivered to recycling endosomes
within caveolae. A previous study showed that in fixed via a distinct cdc42-regulated, clathrin-independent pinocytic
A431 cells the mean surface density of CTB is greater pathway Dev. Cell 2, 411–423.
3. Lamaze, C., Dujeancourt, A., Baba, T., Lo, C.G., Benmerah,in caveolae than the rest of the PM [22]. It is not possible
A., and Dautry-Varsat, A. (2001). Interleukin 2 receptors andto confidently extrapolate mean surface density from
detergent-resistant membrane domains define a clathrin-inde-the FRET signal, so further experiments will be required
pendent endocytic pathway. Mol. Cell 7, 661–671.to address the relationship between clustering in lipid
4. Nichols, B.J., Kenworthy, A.K., Polishchuk, R.S., Lodge, R., Rob-
rafts and partitioning into caveolae. erts, T.H., Hirschberg, K., Phair, R.D., and Lippincott-Schwartz,
Data presented above show that cholesterol-depen- J. (2001). Rapid cycling of lipid raft markers between the cell
surface and Golgi complex. J. Cell Biol. 153, 529–541.dent clusters of CTB bound to GM1 and GPI-linked pro-
5. Nichols, B.J., and Lippincott-Schwartz, J. (2001). Endocytosistein are excluded from clathrin-coated pits. Such clus-
without clathrin coats. Trends Cell Biol. 11, 406–412.ters constitute one of potentially several different types
6. Heerklotz, H. (2002). Triton promotes domain formation in lipidof lipid raft [7]. Several observations argue that these
raft mixtures. Biophys. J. 83, 2693–2701.
rafts are not simply dependent on the presence of mem- 7. Edidin, M. (2001). Shrinking patches and slippery rafts: scales of
brane bound CTB. FRET detected between GPI-GFP- domains in the plasma membrane. Trends Cell Biol. 11, 492–496.
8. Anderson, R.G.W., and Jacobson, K. (2002). A role for lipid shellsFabs was not affected by the presence of unlabeled CTB,
in targeting proteins to caveolae, rafts, and other lipid domains.implying that CTB does not increase clustering of GPI-
Science 296, 1821–1823.linked proteins. Although at low concentrations CTB-
9. Sandvig, K., and van Deurs, B. (2002). Transport of protein toxinsto-CTB FRET was largely independent of CTB density,
into cells: pathways used by ricin, cholera toxin and Shiga toxin.
at higher concentrations CTB-to-CTB FRET was more FEBS Lett. 529, 49–53.
density dependent, suggesting that when overall CTB 10. Badizadegan, K., Wolf, A.A., Rodighiero, C., Jobling, M., Hirst,
density is high, FRET may be detected between CTB T.R., Holmes, R.K., and Lencer, W.I. (2000). Floating cholera
toxin into epithelial cells: functional association with caveolae-moieties that are not in clusters [11–15]. Thus, clustering
like detergent-insoluble membrane microdomains. Int. J. Med.of GM1 is not simply a function of CTB binding. The
Microbiol. 290, 403–408.conclusion that CTB binds to both clustered and non-
11. Kenworthy, A.K., Petranova, N., and Edidin, M. (2000). High-
clustered GM1 is consistent both with reports that GM1 resolution FRET microscopy of cholera toxin B-subunit and GPI-
is found within clathrin-coated pits [4, 9, 22] and with a anchored proteins in cell plasma membranes. Mol. Biol. Cell
previous study that concluded from the density-depen- 11, 1645–1655.
12. Kenworthy, A.K., and Edidin, M. (1998). Distribution of a glyco-dence of the CTB-to-CTB FRET signal that a significant
sylphosphatidylinositol-anchored protein at the apical surfaceproportion of PM GM1 is nonclustered [11].
of MDCK cells examined at a resolution of100 A˚ using imagingThe multitude of studies associating trafficking, sig-
fluorescence resonance energy transfer. J. Cell Biol. 142, 69–84.naling and pathogen entry with lipid rafts are commonly
13. Varma, R., and Mayor, S. (1998). GPI-anchored proteins are
based on two operational definitions: depletion of cell organized in submicron domains at the cell surface. Nature 394,
cholesterol with methyl--cyclodextrin and isolation of 798–801.
14. Zacharias, D.A., Violin, J.D., Newton, A.C., and Tsien, R.Y.detergent-resistant membrane fractions [7]. Choles-
Current Biology
690
(2002). Partitioning of lipid-modified monomeric GFPs into
membrane microdomains of live cells. Science 296, 913–916.
15. Kovbasnjuk, O., Edidin, M., and Donowitz, M. (2001). Role of
lipid rafts in Shiga toxin 1 interaction with the apical surface of
Caco-2 cells. J. Cell Sci. 114, 4025–4031.
16. Bastiaens, P.I., Majoul, I.V., Verveer, P.J., Soling, H.D., and
Jovin, T.M. (1996). Imaging the intracellular trafficking and state
of the AB5 quaternary structure of cholera toxin. EMBO J. 15,
4246–4253.
17. Ford, M.G., Pearse, B.M., Higgins, M.K., Vallis, Y., Owen, D.J.,
Gibson, A., Hopkins, C.R., Evans, P.R., and McMahon, H.T.
(2001). Simultaneous binding of PtdIns(4,5)P2 and clathrin by
AP180 in the nucleation of clathrin lattices on membranes. Sci-
ence 291, 1051–1055.
18. Merrifield, C.J., Feldman, M.E., Wan, L., and Almers, W. (2002).
Imaging actin and dynamin recruitment during invagination of
single clathrin-coated pits. Nat. Cell Biol. 4, 691–698.
19. Xie, H., Surka, M., Howard, J., and Trimble, W.S. (1999). Charac-
terization of the mammalian septin H5: distinct patterns of
cytoskeletal and membrane association from other septin pro-
teins. Cell Motil. Cytoskeleton 43, 52–62.
20. Brown, D.A., and London, E. (1998). Functions of lipid rafts in
biological membranes. Annu. Rev. Cell Dev. Biol. 14, 111–136.
21. Pelkmans, L., and Helenius, A. (2002). Endocytosis via caveolae.
Traffic 3, 311–320.
22. Parton, R.G. (1994). Ultrastructural localization of gangliosides;
GM1 is concentrated in caveolae. J. Histochem. Cytochem. 42,
155–166.
